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The effects of low-dose radiation on 
neointimal hyperplasia 
T. P. Sarac, MD,  P. N. Riggs, MD, J. P. Williams, PhD, R. H.  Feins, MD,  
R. Baggs, DVM, PhD, P. Rubin, MD,  and R. M. Green, MD, Rochester, N. Y. 
Purpose: We sought to determine whether low-dose radiation can inhibit neointimal 
hyperplasia mmediately after balloon injury to the common carotid artery and to assess 
the extent of endothelial regeneration after treatment. 
Methods: Sprague-Dawley rats were subjected to balloon injury to the common carotid 
artery. Immediately after injury rats were treated with a single dose of iridium 192 
radiation at 5 gy, 10 gy, and 15 gy or received no radiation (control). Three weeks after 
injury and treatment, vessels were harvested and compartment areas were measured on 
fixed specimens. Scanning and transmission electron microscopy, along with Evans blue 
dye uptake into injured vessels, was used to assess the effect radiation had on endothelial 
regeneration. 
Results: Rats receiving radiation at all three doses demonstrated no intimal thickening 
when compared with rats that were not treated (at 5 Gy 0.01 + 0.01 mm2; at 10 Gy 
0.02 + 0.01 mm2; at 15 Gy 0.05 + 0.02 mm2; with balloon injury/no radiation 
0.12 -+ 0.02 mm2;p < 0.01). In addition, the groups that were irradiated had no medial 
thickening when compared with control rats (at 5 Gy 0.22 -+ 0.02 mm2; at 10 Gy 
0.21 + 0.02 mm2; at 15 Gy 0.22-+ 0.07 mm2; with balloon injury/no radiation 
0.37 + 0.03 mm2; p < 0.01). Endothelial regeneration, evaluated by transmission and 
scanning electron micrographs along with uptake of Evans blue dye, was significantly 
greater in animals that received radiation compared with controls. 
Conclusions: Low-dose radiation prevents the occurrence of neointimal hyperplasia after 
balloon injury and may have a future role in vascular grafting. (J VASC SURG 
1995;22:17-24.) 
There are a number of  large experiences that 
suggest that modest doses of  radiation ( < 10 Gy) are 
effective in controlling nonmalignant neoprolifera- 
five disorders such as keloid formation after scar 
excision,~ the benign neovascular p oliferation ptery- 
gium, 2 and heterotopic bone formation after hip 
replacement and fracture pinning, a Neointimal hy- 
perplasia (NIH) is a proliferative response to an 
arterial injury and a significant cause of  bypass graft 
and angioplasty failure. 4,s N IH  forms as the result of  
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smooth muscle cell (SMC) proliferation, migration, 
and extracellular matrix deposition. 6 The interaction 
of platelets, macrophages, growth factors, and cyto- 
ldnes plays an important role in this process. M- 
though a variety of systemic regimens prevent N IH  
in animal models, 7q2 none has proven beneficial to 
human beings. In addition, some current experimen- 
tal therapies require systemic administration of po- 
tentially toxic drugs, la We sought to determine 
whether single low-dose radiation could prevent 
N IH  after balloon injury to the rat common carotid 
artery. 
MATERIAL  AND METHODS 
Creation o f  intimal hyperplasia 
Four- to five-month old male Sprague-Dawley 
rats (Charles River Breeding Laboratories, Arling- 
ton, Mass.) were housed in individual cages in light- 
dark-cycled, temperature controlled rooms in accor- 
dance with institutional guidelines and the Guide for 
the Care and Use of Laboratory Animals (NIH Publica- 
tion No. 86-23). Standard chow and tap water were 
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Fig. 1. Schematic of radiation catheter sitting on top of 
injured CCA, demonstrating that 192Ir HDRB is given to 
localized area. Actual size of the 192Ir is 1.5 mm × 5 mm. 
offered as desired. After a minimum of 5 days accli- 
matization, animals were anesthetized with sodium 
pentobarbital (50 mg/kg intraperitoneal). Neointi- 
mal hyperplasia was created by the balloon catheter 
technique described by Clowes et al. 6 The right com- 
mon carotid (CCA) and external carotid (ECA) arter- 
ies were isolated, and the ECA was cannulated with a 
2F balloon catheter (Baxter Health Care Corpora- 
tion, Irvine, Calif.). The catheter was advanced each 
time 2 cm to the proximal CCA, inflated with 0.3 ml 
of air, and withdrawn back to the CCA-ECAjunction 
three times with 120-degree rotation after each pas- 
sage to ensure uniform injury of the entire common 
carotid artery. The catheter was then withdrawn, and 
the ECA was ligated. 
Effects of  radiation on N IH  
Radiation administration. The treatment 
groups received high-dose rate brachytherapy 
(HDRB) radiation before skin closure. Concurrent 
control animals (n = 8) were subjected to arterial 
injury without radiation on each experimental day to 
confirm that N IH  was created. Immediately after 
injury, a 5F translucent hollow core radiation cath- 
eter (Baxter Health Corporation, Irvine Calif.) was 
anchored to the anterior surface of the CCA and the 
radiation source mechanically inserted into the cath- 
eter (Fig. 1). Brachytherapy was delivered only to the 
segment of the injured vessel at doses of 5 (n = 5), 
10 (n = 10), and 15 (n -- 5) Gy, with a micro- 
Selectron Hdr192Ir source (Nucletron Corp, Colum- 
bia, Md.) at a dose rate between three to 6.7 Gy/min. 
The system is designed to provide a uniform dose of 
radiation to the target, and a typical dosimetry 
gradient is illustrated in Fig. 2. After radiation, the 
catheter is withdrawn, and the skin is closed. 
Harvest. Animals were killed with an overdose 
of sodium pentobarbital t 3 weeks after injury and 
radiation, the time when NIH is considered to be 
maximal in the rat model. 6 The left ventricle was 
cannulated and blood exsanguinated. The rat was 
flushed with 0.9% saline solution for 3 minutes at 
100 mm Hg, followed by perfusion fixation with 
10% buffered formalin for 5 minutes at 100 mm Hg. 
Both carotid arteries were then excised and placed in 
formalin for a minimum of 24 hours before specimen 
embedding. 
Light microscopy. Formalin-fixed specimens 
were cut transversely into 3 to 5 mm cross-sections, 
embedded in paraffin, and sectioned for microscopy 
into 2 ~tm sections. Slides were stained with periodic 
acid-Schiff (PAS) and hematoxilin and eosin. Mor- 
phometric evaluation was assessed by a computer- 
assisted igitizing program (Gala] Inc., Tonca Bay, 
Minn.) with a camera lucida attached to a light micro- 
scope (Cue 3 Color Image Analyzer; Olympus Corp., 
Lake Success, N.Y.). The perimeters of the lumen, 
internal elastic lamina, and external elastic lamina 
(EEL) was measured and the areas calculated. 6 
Effects of  radiation on endothelial regeneration 
The effect of HDRB on endothelial regeneration 
after denudation by balloon injury was evaluated 
with Evans blue dye, which only stains areas where an 
intact endothelial layer is absent. 14 An additional 14 
rats were subjected to balloon injury as previously 
described; seven received a 10 Gy dose of radiation, 
and seven served as controls. All animals were killed 
3 weeks after injury. Thirty minutes before sacrifice 
the animals were anesthetized as described and 
injected with Evans bluc dye (20 mg/kg). Both left 
and right CCAs were harvested after perfusion 
fixation. The total length of the vessel, the area 
stained by Evans blue dye, and the areas unstained by 
dye were measured in each vessel under a dissecting 
microscope• 
Electron microscopy. The CCAs were fixed by 
perfusion fixation with 1% glutaraldehyde in caco- 
dylate buffer, postfixed in 2% OsO 4 overnight, and 
embedded in an epoxy resin. All specimens were 
examined under a light microscope to determine the 
area of greatest intimal thickening, and the area with 
the greatest intimal thickness was chosen for electron 
microscopic analysis. Thin sections were stained with 
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Fig. 2. Dosimetry gradient of radiation at 10 Gy, illustrating drop off in dose over distance. 
Numbers inside ellipse r present dose fall off2 mm from target zero. Figure illustrates that entire 
vessel received uniform dose of radiation. 
Fig. 3. Light micrographs of CCA. (PAS; original magnification x 35.) A, Untreated rat 
subjected to balloon injury; note intimal thickening. B, Contralateral untreated and uninjured 
CCA; note lack of medial degeneration. C, CCA treated with radiation at 10 Gy after balloon 
injury; vessel is indistinguishable from B. 
uranyl acetate and lead citrate stain for transmission 
electron microscopy. For scanning electron micros- 
copy, fixed specimens were divided at the critical 
point on CO2, fixed and dehydrated in an ethanol 
gradient, and coated with gold palladium before 
examination. 
Statistics. Data are expressed as mean _+ stan- 
dard error of the mean. Each vessel's compartment 
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Evans Blue Uptake 
• Control 
10 GY 
Proximal White Middle Blue Distal White 
* p < 0.05 Arterial Component 
Fig. 4. Irradiated animals had significantly less Evans blue uptake into vessel wall, p < 0.05. 
Middle blue column represents length of vessel stained with Evans Blue and indicates absence 
of functioning endothelium. Proximal white and distal white columns refer to lengths of reendo- 
thelialized vessels at each end of injury. 
Table I. Vessel compartment areas 
Group No. Intima area (ram e) Media area (ram 9 Lumen area (ram 9 Intima:media ratio 
5 Gy 5 0.01 _+ 0.01 0.22 + 0.02 0.62 + 0.01 0.05 +_ 0.02 
10 Gy 10 0.02 -+ 0.01 0.21 + 0.02 0.65 +_ 0.07 0.11 _+ 0.04 
15 Gy 5 0.05 -+ 0.02 0.22 + 0.07 0.50 +_ 0.02 0.21 -+ 0.02 
In ju ry -no  radiation 8 0.12 + 0.02 ~ 0.37 + 0.03* 0.42 + 0.08* 0.32 +- 0.05* 
*Denotes ignificantly different han all other groups p < 0.01. 
area was measured along multiple segments, and the 
greatest area of the compartment was used for 
statistical analysis. Statistical analysis was by two- 
tailed Student's t-test or analysis of  variance with 
Student-Newman-Keulls post hoc, with p ___ 0.05 
considered significant. 
RESULTS 
Rats in all groups appeared healthy and exhibited 
no evidence of sldn sensitivity or focal irritation from 
the radiation treatment. N IH  was found in all 
untreated control rats subjected to balloon injury 
(Fig. 3,A). Contralateral untreated left CCAs, which 
acted as internal control tissue, demonstrated no 
abnormalities (Fig. 309). There was no thrombus in 
any of the balloon-injured vessels at the time of 
sacrifice. 
Effect of  HDRB on N IH .  Measurements ofin- 
timal area, medial area, lumen size, and the in- 
tima/media ratio are outlined in Table I. There were 
significant reductions in both the intimal and medial 
area in each of the irradiated groups as compared 
with controls (Fig. 3,C). There was no N IH  detected 
in any of the radiated animals except one rat from the 
10 Gy group that exhibited N IH  at the posterior 
surface of the vessel. In addition, the lumen of  treated 
vessels did not decrease in size, there was no evidence 
of aneurysmal degeneration, and there was no media 
necrosis. 
Effect o f  HDKB on endothelial regeneration. 
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Animals treated with radiation at 10 Gy demon- 
strated a more completely reendothelized surface 
than controls. The presence of endothelial cells in the 
radiated group was confirmed by significantly less 
uptake of Evans blue dye (Fig. 4) and the presence of 
sheets of elongated endotheliaMike cells oriented in 
the direction of blood flow on scanning electron 
microscopy and transmission electron microscopy 
examinations (Figs. 5, 6). These "endothelial-like" 
cells were characterized by abundant rough endoplas- 
mic reticulum without dilation. There was no vacu- 
olization of the mitochondria, nd no Weibel-Palade 
bodies were present. All of the above lectron 
microscopic findings suggest he presence of endo- 
thelial cells, ls,16 In addition, treated rats demon- 
strated no fibrosis, hemorrhage, or collapse of the 
media, and the SMC appeared normal in the treated 
groups. 
DISCUSSION 
A variety of interventions have achieved success in 
limiting NIH formation in animal models. Heparin, 7
dexamethasone, 8 strogen, 9 angiotensin-converting 
enzyme inhibitors, 1° monoclonal antibodies to inte- 
grin, n platelet-derived growth factor, 12 and photo- 
dynamic therapy ~a inhibit NIH in experimental 
models, but none has proven beneficial in human 
beings.17 Photodynamic therapy is particularly effec- 
tive, but the light-activated rug must be given 
systemically, which is known to have certain toxic- 
ity, ~8 it requires a second operation, and high doses 
cause intestinal anastamotic disruption in an animal 
model.19 In addition to the known effects of radiation 
on the arterial media, the application of radiation 
therapy to prevent NIH is a logical extension of its 
effectiveness in other proliferative disorders. Keloids 
and pterygia have been successfully controlled by 
doses ranging from 4 to 12 Gy either by single- or 
fractionated-dose chedules. ~,2 Postoperative radia- 
tion has prevented heterotopic bone formation after 
total hip replacements. 3 
All rats treated at three different radiation doses 
had suppression of N IH except for one rat in the 10 
Gy group. This finding is similar to that reported 
after photodynamic therapy and is likely due to the 
radiation ot penetrating to the posterior vessel wall. 
The dramatic results in our study showing virtually 
complete inhibition of NIH with doses as low as 5 
and 10 Gy varies with recent studies. Schwartz et al. 2° 
produced eep coronary artery injury with perma- 
nent tantalum wire coils and radiation was given on 
day 1 (4 Gy or 8 Gy) and days 1 and 4 (4 Gy × 2). 
Fig. 5. Scanning electron micrograph. (Original magni- 
fication × 1400.) CCA treated at 10 Gy. Sheets of 
endothelial cells are present and oriented in direction of 
flow, which is typical of normal functioning endothelial 
layer. 
Mean neointimal thickness in all irradiated groups 
was higher than in control groups and thickness was 
proportional to dose, leading the authors to con- 
clude that radiation did not inhibit NIH. 2° Other 
investigators have found radiation to be effective in 
inhibiting NIH. Wiedermann et al.21 showed that 
intracoronary radiation (20 Gy) immediately pre- 
ceding balloon angioplasty in swine coronary ar- 
teries reduced vascular stenosis as compared with 
controls. However, this large dose caused focal 
media fibrosis in other studies by these investigators. 
Shimotakahra and Mayberg a2 demonstrated a
marked reduction in NIH when 15 and 22 Gy was 
given 1 or 2 days after injury in the CCA rat model. 
There was a less prominent effect when a dose of 
7.5 Gy was given. These authors also noted that the 
15 Gy dose was less effective on day 2 when 
compared with day 1. 
The discrepancies in results may be explained by 
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Fig. 6. Transmission electron micrographs. A, Untreated rat subjected to balloon injury. 
(Original magnification x 4400.) B, Contralateral untreated and uninjured CCA (Original 
magnification x 7040); note intact internal elastic lamina. C, CCA treated with radiation at 10 
Gy after balloon injury. (Original magnification x4400.) Note "endothelial-like" cells, no 
necrotic material in media and lack of intimal thickening. 
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differences in the timing of the radiation. The largest 
clinical series in which proliferative lesions are 
inhibited by radiation shows that undue delays of up 
to 1 week or longer can render radiation less effective. 
The experience with heterotopic bone formation 
requires radiation within 4 days of operation and 
preferably in the immediate postoperative period. 
There is also evidence that radiation may inhibit cell 
membrane receptor turnover and alter the cell's 
response to growth factors. 2a This all suggests that 
the inhibitory effect of radiation is most pronounced 
early after the injury when SMC are rapidly dividing 
and growth factors are present. 
It appears that radiation does not prevent endo- 
thelial cell regeneration, but the neighboring unde- 
nuded endothelial cells likely were spared from 
exposure. Instead, the animals that received radiation 
showed a more rapid endothelial regeneration than 
controls, demonstrated by a reduction in uptake of 
Evans blue dye and electron microscopy. This is a 
significant finding because the presence of an intact 
endothelium over the injured vessel may inhibit 
migrating SMC. 14 Compared with previous studies, 
our results suggest hat lower doses of radiation may 
be more effective in preventing NIH. It is possible 
that the rapid regeneration of endothelium, a reduc- 
tion in SMC activity and a reduced sensitivity to a 
variety of growth factors all contribute to radiation 
preventing NIH formation. Further studies are 
necessary to define the relative contribution of SMC 
inhibition, endothelial regeneration, and growth 
factor inhibition. 
The use of HDRB is attractive because it allows 
radiation to be localized and concentrated. Remote 
after-loading techniques reduce exposure to patients 
and clinicians because cold catheters can be placed 
alongside vessels or used intraluminally within spe- 
cific targets. However, external radiation such as elec- 
trons can be used and should be equally effective. The 
optimal dose and timing after grafting or angioplasty 
will depend on clinical trials. A preliminary report of 
endovascular radiation with HDRB used for preven- 
tion of vascular estenosis after stenting of iliac arter- 
ies in human beings is encouraging. 24 Intraluminal 
brachytherapy given as a single 12 Gy-dose after 
percutaneous transluminal angioplasty inhibited re- 
stenosis in 13 patients at 3 to 27 months follow-up. 
Long-term studies will be required to ensure that the 
doses of radiation given do not cause arterial damage. 
It will also be necessary to evaluate this technique 
with other models of NIH, specifically in an athero- 
sclerotic animal and with a constant injury model 
such as an arteriovenous fistula. 
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